Exon 2 sequences of an expressed MHC-DRB locus from sheep were examined for polymorphisms in both the antigen-binding regions and the adjacent intronic mixed simple tandem repeat. Twenty-one novel exon 2 Ovar-DRB alleles were identified. Short nucleotide motifs are extensively shared between certain exon 2 regions of Ovar-DRB alleles. The simple repeat variations, the number of different amino acids at usually polymorphic sites, and the number of silent substitutions were reduced in the intraspecies analyses of sheep DRB sequences, compared with those of cattle and goats. It was paradoxical that the abundance of different sheep alleles was similar to that of cattle and goats. This paradox may be explained by postulating a relatively small number of "ancient" alleles, with the present-day Ovar-DRB alleles being generated by reciprocal exchange of nucleotide motifs. At the antigenbinding sites, new combinations of amino acids were maintained in Ovar-DRB alleles by strong positive selection. In sheep-and less pronounced in goats and cattle-the DRB alleles can be divided into two groups. In one group, silent substitutions are increased when compared with the other. This suggests separate evolutionary pathways for certain groups of DRB alleles within a species. The simple repetitive sequences are also discussed with respect to the evolution of DRB alleles.
Introduction
Major histocompatibility complex (MHC) class II genes encode heterodimeric glycoproteins located on the surface of specialized cells organized in the immune system. These proteins present antigenic peptides to T-cellreceptor (Tcr)-bearing lymphocytes, facilitating the recognition of foreign antigens. Class II proteins must bind and present a wide range of peptides. It is therefore not surprising that MHC gene products are the most polymorphic glycoproteins in mammals. In man, for example, about 70 different DRB genes have been reported (Marsh and Bodmer 1993) . Depending on the HLA haplotype, one or two DRB loci code for one to four heterodimeric DR molecules in each human individual. Fifty-eight allelic variants are encoded exclusively by a single locus (HLA-DRBI ).
Almost all polymorphic residues of the antigenbinding groove (Brown et al. 1988 ) are located in the second exons of class I and class II molecules (Marsh and Bodmer 1993) . How this high level of polymorphism is generated and maintained is the subject of considerable controversy. An unusually elevated mutation rate in these exons does not appear to be responsible for such a high number of allelic variants (Kasahara et al. 1990 ). The trans-species theory (Klein 1980 (Klein , 1987 implies that the polymorphisms of MHC genes survives speciation. Exchanges of short sequence motifs seem to generate new combinations of "old polymorphisms" in class I (Belich et al. 1992; Watkins et al. 1992 ) and class II (Wakeland et al. 1990; She et al. 199 1; Kuhner and Peterson 1992; Schwaiger et al. 19933) genes. The evolutionary persistence of a simple repetitive element immediately downstream from the second MHC-DRB exon (>70 Myr), as well as its development in different artiodactyl species, led to the assumption that exchanged sequence motifs are predominantly confined between the 5' end of exon 2 and the 5' end of intron 2. An invariant frame appears preserved, including about 20 N-terminal amino acids and the simple repeat structure ( Ammer et al. 1992; Schwaiger et al. 1993b) . Hughes and Nei ( 1989) demonstrated positive selection at MHC class I and class II loci. They explained the unusually high rates of heterozygosity by overdominant selection mechanisms.
Imanishi and Gojobori ( 1992) also reported positive selection at the class I loci but did not accept the overdominant selection hypothesis. We have analyzed the DRB sequences of three species belonging to the family Bovidae: cattle, represen-tatives of the subfamily Bovinae, and goats as well as sheep constituting the subfamily Caprinae.
Molecular Cloning and Sequence Analysis
Molecular biological techniques essentially followed the protocols of Sambrook et al. ( 1989, pp. 18-85) . PCR fragments were purified from agarose gels by QUIAEX (DIAGEN).
The fragments were blunt-ended and cloned as described elsewhere ( Ammer et al. 1992) Colonies containing cloned DRB sequences were selected by hybridization with (CA)8 . Both strands of the clone: were sequenced using the Sequenase kit (U.S. Biochem. icals) and 35S-dATP ( Amersham) .
For phylogenetic analysis, artiodactyl MHC-DRE sequences were included as described elsewhere (Schwaiger et al. 19933) . The NAG program (versior 2; Nei and Gojobori 1986 ) was used to compute relative silent and relative replacement substitutions. Statistical analysis was performed with the SPSS-X program (SPSS Inc. 1986 ).
Results

Different Alleles from an Expressed Ovar-DRB Locus
From DNA of 34 sheep (six different breeds), 2 Mufflon (Ovis ammon), and 2 Argali individuals (0 orientalis), the second MHC-DRB exon and part of the adjacent intron were amplified, cloned, and sequenced In addition to the previously published 13 Ovar-DRb sequences (Schwaiger et al. 1993b) , 2 1 novel sequence5 of the second exon ( fig. 1) ) including the adjacent in tronic simple repeats ( fig. 2 ) , were found in the presenl study. From most of the individual sheep DNAs, twc DRB sequences were amplified as ascertained by electroblot hybridizations ( fig. 3 ). The PCR products of thf remaining animals resulted in one band, i.e., only one allele (or two alleles with the same length). Family studies in several large pedigrees including three generations revealed no contradictions to the Mendelian principle: of inheritance (data not shown). We assume that a single DRB locus is amplified, by using the PCR primers men tioned above. Hence the degree of heterozygosity is 88% It is possible, however, that rare allelic variations are no1 amplified because of primer mismatches and that we have underestimated heterozygosity. The locus we have analyzed appears to be expressed, Amplification of DRB sequences from cDNA derived from ConA-stimulated leukocytes of one individual (Romney) identified a clone with a sequence identical to one of its genomically amplified sequences (OvarDRBOl; fig. 1 ( 1988) . Primers for amplification of the second DRB exon were described elsewhere (Schwaiger et al. 1993a) . PCR was carried out for 30 cycles using the following steps: denaturation at 94°C for 30 s, annealing at 59°C for 1 min, and elongation at 72°C for 1 min.
Electroblotting and Oligonucleotide Hybridization
The PCR products of each individual were separated on a 4.5% denaturing polyacrylamide gel for 5 h at 60 W and subsequently electroblotted onto nylon membranes (Gomolka et al. 1993 ). The internal MHC-DRB oligonucleotides HDb, Z86i, Z86f, Z86g, Z78y, and Z32h- (Schwaiger et al. 1993a ) were hybridized at 59°C. The oligonucleotide (CA)*, which recognizes the intronic simple repetitive elements, was hybridized at 43°C. Oligonucleotides were end-labeled with 32P. Hybridization was carried out in 5 X standard sodium phosphate-ethylenediamenetetraacetate ( SSPE ), 5 X Denhardt's solution, 0.1% sodium dodecyl sulfate (SDS), and 10 pg Escherichia coli DNA/p1 for l-2 h. Membranes were washed in 6 X standard sodium citrate (SSC) at room temperature and were incubated for 1 min at the hybridization temperature. -y t-k--r-s-------_____ _h_B__t[-----w------a---_---k--_-_--f--r a-------------- 
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sequences deduced from the second exon of Ovar-DRB genes. Grouping is based on the similarities in the B-pleated sheets and the adjacent simple repeat derivative structure (group-specific organization; see fig. 2 ). The number of individuals carrying a given allele and the breeds in which an allele was found are indicated on the right-hand side. For each allele at least two independent clones were sequenced. PCR products of each individual were investigated by electroblot hybridization ( fig. 3 ). As the majority of alleles have different lengths, any contaminations would easily have been detected. Also, chimeric PCR products would have been identified by hybridization with polymorphism-specific oligonucleotide probes. A = Argali; C = Coopworth; F = Finnish Landrace; K = Kasach sheep; M = Merino sheep; U = Mufflon; P = Perendale; R = Romney; S = Suffolk; and T = Texel. Asterisk (* ) indicates sequence from EMBL database (accession no. M73984). Note that the numbering of the sheep DRB sequences differs from that in Schwaiger et al. ( 1993b) .
DRB Polymorphisms in Artiodactyls
In Ovar-DRB exon 2 sequences, essentially the same polymorphisms as those in goats are found (also see Schwaiger et al. 19933) . Almost all of the identical, as well as the Caprinae-specific, amino acid (aa) polymorphisms are encoded by identical codons. Some of the usually highly polymorphic aa positions (e.g., positions 13,70, and 78) are predominantly occupied by a single aa residue in sheep ( fig. 1 ). of the simple repeat stretches (without intronic single-copy sequences) are indicated on the This statement is also valid for the interspecies comparison of sheep and goats (Schwaiger et al. 1993b) . Crossover events are observed in sheep DRB preferentially between the regions coding for the P-pleated sheet and the a-helix (Ovar-DRBlS to DRB19 and DRB25 to 27; and DRB08 and DRBl.3 to DRB14) and also between a-helical (aa positions 59-83) regions and the 3' end of exon 2 ( aa positions 84-94). In these cases also the simple repeat structure was exchanged. This suggests that single recombination events have occurred.
Relative Silent and Relative Replacement Substitutions
The reduced polymorphism at some aa positions in the antigen-binding groove led us to ask whether this was due to a drastic decrease in the number of DRB sequences during sheep speciation. Therefore we calculated relative silent and relative replacement substitutions (table 1) according to the method of Nei and Gojobori (1986) .
As in goats and cattle (Schwaiger et al. 1993b ), the number of relative silent substitutions in sheep is significantly (P < 0.00 1) smaller than that of relative replacement substitutions (table 1, columns 1 and 5 ). This is true for the entire exon 2 as well as for the psheet-and a-helix-encoding regions. Such an effect results from the influence of positive selection (Hughes and Nei 1989). The number of relative replacement substitutions in the DRB sequences from each of the bovid species is increased in the a-helical regions compared with the P-sheets and the entire exon 2, suggesting that stronger selective pressure for diversification was exerted on the a-helical region than on the P-pleated sheet. In the interspecies comparisons, an increase of relative replacement substitutions but not of relative silent substitutions was found for the a-helical region * * * ( ~01s. 2-4) . In contrast, the comparison of larger ESGs of two species gave results similar to the intraspecies comparison in large ESGs (table 1, col. 5). The adjacent simple repeat-derivative (SRD) sequences of ESGs also show obvious differences within the same species ( fig. 2 ; Ammer et al. 1992; Schwaiger et al. 1993b) . As the smaller ESGs exhibited significant differences from the larger ESGs they were disregarded for the following analyses.
In the intraspecies comparison of Ovar-DRB exon 2 sequences (table 1, column 5 ), the mean numbers of relative silent substitutions are significantly reduced to one-half (P < 0.00 1 ), and relative replacement substitutions to about two-thirds (P < 0.00 1)) compared with those of goats and cattle. In the interspecies comparisons, the mean number of relative replacement substitutions is almost equal to that of an intraspecies comparison of goat and cattle DRB sequences. The relative silent and relative replacement substitutions are only slightly increased with phylogenetic distance. Hence the number of silent substitutions in Ovar-DRB sequences is drastically reduced compared with goats and cattle, whereas the degree of nonsynonymous exchanges among sheep DRB exon 2 alleles is only slightly decreased.
Variations of SRD Structures
The structure of the perfect SRD allows grouping of the Ovar-DRB sequences as in all other species investigated, i.e., group-specific organization (GSO) which is defined by groups of DRB exon 2 / intron 2 sequences with similar P-pleated sheet nucleotide sequence and similar SRD (Riel3 et al. 1990; Ammer et al. 1992; Schwaiger et al. 19933 ; tables 1 and 2). The derivative structure 3' to the perfect (g,t),( ga)m stretch in the intron of Ovar-DRB alleles harbors almost no variation but preserves a characteristic pattern (97% of the sequenced alleles) derived by degeneration of (ga),. The lengths of the sheep simple repeat structures are exceptionally high. All investigated MHC-DRB sequences ( 112 sequences of 13 species) have simple repeats ranging from a mean of 74 bp (human) to 102 bp (goat) (Schwaiger et al. 1993b) , whereas the predominant sheep SRD averages 164 bp in length. Here an almost identical derivative structure of the (ga), stretch is preserved (56 bp; fig. 2 ). The remaining two Ovar-DRB alleles exhibit a completely different derivative structure, which is similar in length to other Bovidae, and belong to another ovine ESG. In all other species, at least four apparently different SRDs can be discerned with respect to their derivative structure (Rief3 et al. 1990; Ammer et al. 1992; Schwaiger et al. 1993b) . Was this reduction in SRD variation the result of an evolutionary bottleneck at the time of domestication?
The putative progenitors of domestic sheep, the Mufflon and the Argali, showed, in five of six alleles, the same characteristic derivative structure of the larger ESG ( fig. 2) . Only the Ovar-DRB33 (Argali) allele belongs to the smaller ESG. Most Ovar-DRB alleles were detected only in 1 of the 34 individuals investigated. Five alleles appeared more frequently, four of them in different breeds ( fig.  3) . On the basis of the relatively few individuals investigated, we conclude that (i) a high number of different alleles exist at this Ovar-DRB locus; (ii) few of these alleles appear to be shared between breeds; and (iii) DRB allele frequencies vary in different daughter breeds, with certain DRB alleles predominating in each breed.
Discussion
Separation of Groups of DRB Alleles during Evolution
It is unlikely that Ovar-DRB33 and -DRB34 are amplification products of a second DRB locus because the three respective animals revealed only two length variants. As 88% of the animals are heterozygous, amplification of a second locus should lead to at least three different bands. No informative family studies could be performed, as these allelic variations are extremely rare.
The comparison of silent substitutions revealed that the larger ESGs are phylogenetically more distant to smaller ESGs than to larger ESGs of other species, indicating perhaps that larger ESGs have been isolated from smaller ESGs for longer evolutionary periods in the same species than from the larger ESGs of other species. Polymorphic sequence motifs rather than complete alleles are preserved in the course of DRB evolution, with motifs being interchanged within one DRB locus. Why motifs are not exchanged between members of different ESGs within one species remains to be answered. SRD variations may have an influence on the exchange of sequences between different ESGs. Sequence identity is thought to be required for crossing-over (Sant 'Angelo et al. 1992) . On the other hand, the ESGs may be the product of unknown isolation mechanisms. Then the differences of the adjacent SRDs are secondarily derived because of homogenization within an ESG.
The Success of an SRD Structure in Evolution
Ovar-DRB introns are different from those of goats and cattle in the predominance of a single SRD. This could be interpreted in several ways:
1. The SRD arose independently and developed convergently in various DRB alleles with similar ppleated sheets. The probability that this occurred is very low, as the derivative pattern is quite complex. 2. A DRB locus, which is a paralogue with respect to the one investigated in goat and cattle, was amplified in this study. This paralogue could not be amplified in the latter two species. We regard this as unlikely. It also does not explain the observation in sheep.
There was a bottleneck situation in the evolution of sheep or its putative progenitors (Ovis ammon and 0. orientalis) that radically reduced the number of haplotypes. Only a few exon 2 polymorphisms and an intron 2 SRD would have been retained. In this case positive selection (Hughes and Nei 1989; Wakeland et al. 1990; Imanishi and Gojobori 1992) should have maintained P-sheet polymorphism and therefore also SRD variations from different GSO clusters. On the other hand, genetic drift in small populations can lead to further loss of allelic variation. In the time period where there is a balance between the influences of positive selection and genetic drift, sequence-motif exchanges should have a strong influence on the appearance and the fixation of new allelic variations and GSO. The SRD was spread across almost all alleles. Such an effect has never been observed in any other species and implies either a high selective pressure for this derivative structure or a preferential direction of the genetic transfer. There may have been allelic variations at a closely linked genetic locus (not necessarily an MHC class II gene) on which negative or positive selection was exerting its pressure. If we propose that the selection pressure is not too strong and that genetic exchange is occurring steadily, then one haplotype is preferred and can accumulate polymorphisms via gene conversion and/or recombination.
As has been shown for the HLA-A and HLA-B loci, genetic exchange can occur in a short evolutionary time period (Belich et al. 1992; Watkins et al. 1992) .
As was obvious from DRB gene analysis in human, goats, sheep, and cattle (Schwaiger et al. 1993b) , the intronic simple repetitive elements are usually more related within a species than between species. Hence a process emerges exchanging the basic SRDs within a species with time. In sheep such a process may have started > lo4 years ago, as simple repeat structures have the tendency to evolve very rapidly.
The composite simple repetitive element exhibits another interesting feature. The dinucleotide (gc) is amplified in a certain repeat group (Ovar-DRBOI to DRB06, DRBll, DRB12, DRB30, and DRB31; fig. 2 ). All other alleles except Ovar-DRB32 (Mufflon), Ovar-DRB33, and DRB34 (the smaller ESG) are subjected to indirect amplifications of (gc) in hexamer or octamer units ( fig. 2) . Amplification of hexamer or octamer derivatives of (gt ) tandem repeats and of gc dinucleotides has been also described for the repetitive structure in the intron of a sheep Tcr variable element (Buitkamp et al. 1993 ). This latter repeat structure has been preserved for >70 Myr of vertebrate evolution.
Genetic Exchange in DRB Genes
Recombination and/or gene conversion-like events have been implicated in the evolution of the second exon of DRB genes for human and mouse (Gorski and Mach 1986; Wakeland et al. 1990; Erlich and Gyllensten 199 1; She et al. 199 1; Belich et al. 1992; Watkins et al. 1992) . Hence the analysis of MHC-DRB evolution by using tree-building methods may be inappropriate, as monophyletic relationships are distorted. Using conventional matrix methods for smaller polypeptide regions will result in trees with branches bearing high uncertainty (as revealed by bootstrapping or programs such as SPLIT that use algorithms that consider parallel mutations or gene conversions; Bandelt and Dress 1989; Schwaiger ea al. 1993b ). We have therefore evaluated the evolutionary conservation of aa and respective codons, i.e., the persistence of certain sequence motifs. Finally we analyzed the patterns of relative silent and relative replacement substitutions between the closely related species of sheep and goats ( 5 Myr of independent evolution; Thenius 1979) and the more distantly related cattle in order to compare the two subfamilies Caprinae and Bovinae (about 15-20 Myr of phylogenetic distance) .
As in the other investigated artiodactyl species (Schwaiger et al. 19933) ) double recombinations and/ or sequence conversions in the second exon of Ovar-DRB alleles are the most likely explanation for most of the presented data. Sheep also provide evidence for sequence exchange, including parts of the second intron (harboring the simple repeat stretch), which appear as single crossover events. Sequence motifs and codon usage are very similar in sheep and goats. These two species have hence commenced their speciation with a similar set of polymorphisms, according to the transspecies theory. Sequence exchanges in class II genes appear rather random and not restricted to o-helical or ppleated sheet regions (Wakeland et al. 1990; She et al. 199 1; Schwaiger et al. 19931>) . Thus exchanges of small exonic regions must not be limited to selected portions of exon 2. On the other hand, comparisons of DRB in Bovidae require frequent sequence exchanges between the a-helical-and the P-sheet-encoding regions (as suggested previously for HLA-DRB; Gyllensten et al. 199 1 a, 199 1 b; Erlich and Gyllensten 199 1)) as well as between the a-helical-coding regions and the C-terminus of DRB exon 2. Preference for different combinations of C-terminus, a-helix, and P-sheet in selection may be responsible (e.g., diversifying selection; Wakeland et al. 1990 ). The higher number of substitutions (predominantly replacements; table 1, ~01s. 1 and 5 ) in a-helical regions argues in favor of stronger selective forces for diversification in the a-helix than in the P-pleated sheet region (see Sigurdardottir et al. 1992 ).
Silent and Replacement Substitutions in DRB Genes of Diverging Species
The number of replacement and silent substitutions is only slightly elevated with increasing phylogenetic distance of the species (table 1, col. 5 ) . This result could be explained by the preservation of polymorphism according to the trans-species theory. Nevertheless longrange genetic exchange or positive selection should not prevent a steady increase of silent substitutions between two diverging species. With evolutionary distance, silent substitutions of the P-pleated sheet are increasing faster than replacement substitutions. In contrast, the values for silent substitutions in the a-helical regions appear almost constant, perhaps because of the high G+C content. Therefore when complete exon 2 sequences are compared, the rate of silent substitutions between the species is artifically lowered by including the values of the m-helical-coding region. Replacement substitutions reflect the degree of diversification.
The slight increase with phylogenetic distance would account for a small influence of diversifying selection. If diversifying selection were strong, relative replacement substitutions should increase fast and reach saturation after a short time period. We found no evidence of saturation.
The comparison of smaller with larger ESGs reveals that increased rates of nonsynonymous substitutions are likely (table 1) .
Evolution of Ovar-DRB
During transmission
of DRB polymorphisms from the founder species to their ovine descendence, the number of aa residues at usually highly polymorphic sites was apparently reduced. Also the variability of SRDs ( fig. 2 ) and the number of silent substitutions (in the interspecies comparisons; table 1, col. 5 ) are decreased. We therefore contend that in ovine evolution unknown events diminished the number of Ovar haplotypes. As the number of different alleles was small, every sequence exchange was likely to create a new allele which could be maintained by overdominant selection exerting a strong selective pressure. This process may have caused the relatively low number of silent substitutions observed. Also, the generation of new haplotypes would be advantageous.
Therefore in sheep more single recombinations may be observed than in the other investigated artiodactyl species. The results obtained in the analysis of the simple repeat stretches support this conclusion.
